Hemiptera vectors of plant pathogens can be positively, negatively, or not affected by the plant-pathogenic mollicutes (spiroplasmas and phytoplasmas) that they carry. The direction and strength of the effects are inßuenced by environmental conditions and the plant-pathogen species, among other factors. For example, the corn stunt spiroplasma, Spiroplasma kunkelii Whitcomb (Entomoplasmatales: Spiroplasmataceae) (CSS), increased the survivorship of its vector, the corn leafhopper, Dalbulus maidis (Delong & Wolcott) (Hemiptera: Cicadellidae), at 10 Ð20ЊC (Ebbert and Nault 1994) , but it had no effect at 25ЊC (Madden et al. 1984) . Similar effects were attributed to maize bushy stunt phytoplasma in corn leafhopper adults. At 15ЊC, inoculative corn leafhoppers lived longer than noninoculative corn leafhoppers, but at 25ЊC inoculative and noninoculative leafhoppers had similar survival rates (Moya-Raygoza and Nault 1998). In addition, negative effects on the vector have been found in other species of phytoplasma. Bressan et al. (2005) found that the Flavescence doré e phytoplasma, the agent of a grapevine yellows disease, reduced the survival of its leafhopper vector Scaphoideus titanus Ball. They reported that the adult life span of leafhoppers exposed to the infected plants was much less than that of leafhoppers feeding on healthy plants.
Although previous studies have focused attention on the effects of plant-pathogenic mollicutes on vectors, none have investigated whether such mollicutes mediate the effects of natural enemies on the vector. The plant-pathogenic mollicute as well as the vector should beneÞt from reducing the negative effects of natural enemies of the vector, such as parasitoids, predators, and pathogens. Natural enemies can be important factors limiting the abundance and distribution of vectors, and so of the plant pathogens that they carry. Thus, the abundance of corn leafhopper, and of CSS, in Mexico and Central America may be inßuenced by Gonatopus bartletti Olmi (Hymenoptera: Dryinidae) and Metarhizium anisopliae (Metschn.) Sorokõ n (Deuteromycotina: Hyphomycetes), which are among the most common natural enemies of corn leafhopper in the area (Vega and Barbosa 1990, Moya-Raygoza et al. 2004) . G. bartletti is a parasitoid whose larvae complete their development by feeding on a host corn leafhopper, which is killed within Ϸ12 d (Rios-Reyes and Moya-Raygoza 2004). G. bartletti females, which live Ϸ24 d as adults, act also during their entire adult lives as predators of corn leafhopper adults (Rios-Reyes and Moya-Raygoza 2004) . M. anisopliae is an insect-pathogenic fungus that is commonly found infecting corn leafhoppers in Central America (Vega and Barbosa 1990) , commonly killing leafhopper adults in Ϸ11 d after inoculation (Ibarra-Aparicio et al. 2005) .
This study addressed whether CSS mediates the effects of G. bartletti parasitism and predation, and of M. anisopliae infection on corn leafhopper survival. CSS is a gram-positive bacterium with a persistentpropagative transmission mode, needing a long incubation period, including multiplication, in the insect vector (Purcell and Nault 1991) . SpeciÞcally, the objective of this study was to investigate whether the presence of the plant-pathogenic S. kunkelii affected the survival rate of its vector D. maidis when the vector is parasitized or preyed upon by G. bartletti or infected with M. anisopliae.
Materials and Methods
Experimental Conditions. Corn leafhopper and CSS were collected from Coquimatlán (19Њ 13Ј N, 103Њ 45Ј W), Colima, Mexico, and G. bartletti was collected from El Grullo (19Њ 50Ј N, 104Њ 16Ј W), Jalisco, Mexico. M. anisopliae, strain MaGB4, was donated by Centro Nacional de Referencia de Control Bioló gico, Tecomán, Colima, Mexico. The Tuxpeñ o maize, Zea mays L., race (Wellhausen et al. 1952 ) was used in all experiments. All experiments were conducted in a rearing room at 25 Ϯ 2ЊC, 50% RH, and a photoperiod of 12:12 (L:D) h. Corn leafhopper adults were given a 72-h acquisition period on CSS-infected and symptomatic maize plants in the treatments involving corn leafhoppers with CSS, which ensured that 100% leafhoppers used in trial acquired the plant pathogen (Moya-Raygoza et al. 2002) . Each replicate (details below) was conducted in a leaf cage attached to a maize plant, under the environmental conditions described above. Two-week-old corn leafhopper adults were used in all replicates.
Survival of D. maidis Carrying CSS When Parasitized by G. bartletti. This experiment addressed whether CSS affects the survival of corn leafhopper adults exposed to parasitism by G. bartletti. Four treatments were evaluated: leafhoppers free of CSS and not exposed to parasitism; leafhoppers with CSS and not exposed to parasitism; leafhoppers free of CSS and exposed to parasitism, and leafhoppers with CSS and exposed to parasitism. Each treatment was replicated 11 times, except the treatment where leafhoppers were free of CSS and exposed to parasitism, which had seven replicates, and each replicate had 10 corn leafhopper adults. In the third and fourth treatments, which included parasitism, one G. bartletti female per replicate was introduced for 24 h into the leaf cage. Survival of D. maidis in each replicate was assessed daily for 20 d beginning 48 h after exposure to parasitism to exclude predation by the G. bartletti female. All leafhoppers dying during the Þrst 72 h were presumed to have died from predation or other causes, and all others dying before the conclusion of the experiment (22 d from parasitism) were examined, and excluded from the analyses if found to have died from reasons other than parasitism. Leafhoppers dying from parasitism are easily identiÞed because mature, Þnal instars of G. bartletti kill their hosts when they consume internal organs and exit the host via a large opening in the abdomen (Guglielmino et al. 2006) . The proportions of corn leafhoppers alive after 21 d were transformed (arcsine ͌x) and subjected to oneway analysis of variance (ANOVA), and means were separated by least signiÞcant difference (LSD) post hoc comparisons, as warranted. Back-transformed means and standard errors are presented.
Survival of D. maidis Carrying CSS When Infected by M. anisopliae. This experiment addressed whether CSS affects the survival of corn leafhopper adults infected with M. anisopliae. Four treatments were evaluated: leafhoppers free of CSS and not exposed to M. anisopliae, leafhoppers with CSS and not exposed to M. anisopliae, leafhoppers free of CSS and exposed to M. anisopliae, and leafhoppers with CSS and exposed to M. anisopliae. Spore suspensions for infecting leafhoppers were prepared by cultivating spores of M. anisopliae strain MaGB4 in Dextrose Agar Sabouraund for 8 d at 27ЊC. Spores were then harvested by ßooding the tube with sterile distilled water. The concentrated spores were extracted and mixed at 1 ml of extracted spores per 500 ml of sterile distilled water, and a drop of Tween dispersant 80 (Sigma-Aldrich, St. Louis, MO). This mixture was vortexed. A drop of spore solution was put in a Neubauer chamber to quantify the spore concentration, and the solution was then diluted to a spore concentration of 1 ϫ 10 7 spores per ml. Each replicate received 6 ml of 1 ϫ 10 7 spores per ml, which were applied with an atomizer (droplet size 0.4 Ð 0.8 mm). In the treatments with M. anisopliae infection, leafhoppers on maize plants were sprayed in a butyrate tube and maintained in the tube for 72 h after the application. Leafhoppers were transferred to leaf cages attached to a maize plant after 72 h. Each treatment had 10 or 11 replicates (see Results and Discussion), and each replicate had Þve corn leafhoppers. Survival of corn leafhoppers in each replicate was scored daily through 23 d to exclude leafhoppers dying from causes other than fungal infection. Leaf-hoppers dying from M. anisopliae infection were identiÞed as such by sporulation on dead leafhoppers. The number of corn leafhoppers surviving in each replicate was transformed (x 2 ) and subjected to one-way ANOVA, and means were separated by LSD post hoc comparisons, as warranted. Transformation of data was warranted because the standard deviations decreased as the treatment means increased (Zar 1996) . Back-transformed means and standard errors are presented.
Survival of D. maidis Carrying CSS When Preyed upon by G. bartletti. This experiment addressed whether CSS affects the survival of corn leafhopper adults exposed to predation by G. bartletti. This experiment included six treatments, combining two predation levels (G. bartletti present or absent) and four CSS levels (2-, 10-, or 20-d CSS incubation period, or sans CSS): 1) leafhoppers free of CSS and not exposed to G. bartletti, 2) leafhoppers with CSS and not exposed to G. bartletti, 3) leafhoppers free of CSS and exposed to G. bartletti, 4) leafhoppers with CSS for 2 d and exposed to G. bartletti, 5) leafhoppers with CSS for 10 d and exposed to G. bartletti, and 6) leafhoppers with CSS for 20 d and exposed to G. bartletti. In the treatments involving predation, one G. bartletti female was maintained for 48 h with leafhopper adults in the leaf cage attached to a maize plant. Each treatment had seven replicates, and each replicate had 10 leafhopper adults. Corn leafhopper survival was assessed 48 h after exposure to predation, before any G. bartletti eggs hatched inside the exposed leafhoppers (RiosReyes and Moya-Raygoza 2004). Predation is evident because G. bartletti consume a portion or all of their leafhopper prey (Rios-Reyes and Moya-Raygoza 2004). The proportions of corn leafhoppers alive at the end of the experiment were transformed (arcsine ͌x) and subjected to one-way ANOVA, and means were separated by LSD post hoc comparisons, as warranted. Back-transformed means and standard errors are presented.
Results and Discussion
In the absence of G. bartletti parasitism or predation and M. anisopliae infection, adult corn leafhoppers allowed to acquire CSS and leafhoppers not exposed to CSS showed similarly high survival rates (Ն87%) at 25ЊC (Figs. 1Ð3) . These results are consistent with those of other studies (e.g., Madden et al. 1984 ) that did not Þnd differences in survival between adult corn leafhoppers with and without CSS when reared on maize at 26ЊC. However, adult corn leafhoppers with CSS survived for a longer period than leafhoppers free of CSS when provided only moist sand or maintained on oats, Avena sativa L., at 10 Ð20ЊC (Ebbert and Nault 1994) . Therefore, whether the relationship between corn leafhopper and CSS is mutually beneÞcial may depend on the prevailing environmental conditions.
The survival rates of corn leafhopper adults parasitized by G. bartletti in the presence versus absence of CSS did not differ signiÞcantly, although the survival rate was lower in leafhoppers exposed versus not exposed to parasitism (F ϭ 93.09; df ϭ 3, 10; P Ͻ 0.0001) (Fig. 1) . Clearly, the plant pathogen CSS did not affect the survival rate of the vector corn leafhopper when parasitized by G. bartletti, although nonplant-pathogenic bacteria living within insects are known to provide beneÞts against parasitism. For example, the secondary symbiont Hamiltonella defensa Moran, Rusell, Koga and Fukatsu confers resistance to parasitism by Aphidius ervi Haliday by causing high mortality of developing parasitoid larvae inside the aphid host Acyrthosiphon pisum (Harris) (Oliver et al. 2003 , Moran et al. 2005 . Also, the Wolbachia endosymbiont beneÞts its host Drosophila simulans Sturtevant by increasing the encapsulation rate, thereby decreasing the survival rate, of the endoparasitoid Leptopilina heterotoma (Thomson) (Fytrou et al. 2006) . The lack of effect on the survival rate of parasitized corn leafhoppers in the presence of CSS is consistent with earlier results showing that development of G. bartletti was not negatively affected in leafhopper adults that carried CSS ). Parasitoids developed successfully both when leafhoppers acquired CSS after parasitism or when they acquired it 10 or 20 d before parasitism.
The survival rate of corn leafhoppers infected with M. anisopliae was not signiÞcantly affected by the presence of CSS, although the survival rate of leafhoppers infected with M. anisopliae was lower than that of uninfected leafhoppers (F ϭ 7.52; df ϭ 3, 10; P ϭ 0.0008) (Fig. 2) . Thus, CSS did not affect the survival rate of corn leafhoppers infected with the fungus M. anisopliae. Similarly, the survival rate of D. simulans infected with the fungal pathogen Beauveria bassiana (Balsamo) Vuillemin was not affected by the presence or absence of Wolbachia endosymbionts (Fytrou et al. 2006 ). However, a secondary symbiont, PAUS (U-type), in another study protected the aphid A. pisum against infection by Pandora (Erynia) neoaphidis Humber (Ferrari et al. 2004) . The survival rate of corn leafhopper adults exposed to predation by G. bartletti was signiÞcantly lower in leafhoppers carrying CSS for 10 or 20 d than in leafhoppers free of CSS or carrying CSS for 2 d (F ϭ 14.95; df ϭ 5, 30; P Ͻ 0.0001) (Fig. 3) . These data are the Þrst to address whether CSS or any plant-pathogenic mollicutes or symbionts affect predation rates of vectors or carriers, and they suggest that CSS may increase the susceptibility of leafhoppers to predation by G. bartletti. Predation of corn leafhopper adults by G. bartletti was more frequent after moderate (10-d) and long (20-d) CSS incubation periods versus a short (2-d) incubation period, or when leafhoppers were free of CSS. Survival of leafhoppers with a 2-d incubation period or free of CSS was Ϸ1.7-fold greater than that of leafhoppers with moderate and long incubation periods. Thus, CSS increased the vulnerability of corn leafhoppers to predation by G. bartletti, although only after a moderate-to-long incubation period. The higher predation rate by G. bartletti of corn leafhoppers with moderate or long CSS incubation periods may be due to impairment of defense or escape behaviors. Recent studies showed that muscle cells of corn leafhoppers carrying CSS were invaded by the bacterium and seemed necrotic by 2Ð3 wk after leafhoppers were exposed to maize plants with CSS (Ö zbek et al. 2003, Ammar and Hogenhout 2005) . Moreover, CSS titers in corn leafhoppers are know to increase with increasing incubation periods (Alivizatos and Markham 1986), so muscle impairment may increase as well with time. Finally, Humphery-Smith et al. (1991) found that Spiroplasma taiwanense Abalain-Colloc et al. signiÞcantly reduced the ßight capacities of Aedes aegypti (L.) and Anopheles stephensi Liston by 5Ð 8 d after inoculation.
The results of the current study suggest that in the Þeld, corn leafhoppers with moderate-to-long CSS incubation periods are likely preyed upon by G. bartletti at a higher rate than leafhoppers with short CSS incubation periods or free of CSS. Long incubation periods are indicative of high CSS transmission rates by corn leafhopper, so corn leafhoppers with long incubation periods likely contribute disproportionately to increasing the abundance of CSS. For example, most (Ϸ90%) corn leafhopper adults effectively transmitted CSS after a 16-d incubation period, whereas leafhoppers with incubation periods Ͻ8 d did not transmit CSS (Moya-Raygoza et al. 2002) . Consequently, although increased predation of leafhoppers with long CSS incubation periods may signiÞcantly contribute to overall corn leafhopper mortality, it will particularly contribute to mortality of highly inoculative leafhoppers, and so decreasing CSS abundance. Also, MoyaRaygoza et al. (2006) found that parasitism by G. bartletti reduced the survival of CSS in corn leafhoppers; fewer leafhoppers carried CSS after parasitization compared with leafhoppers that were not parasitized. Thus, G. bartletti decreases the survival rate of CSS, and likely its abundance, via parasitism (MoyaRaygoza et al. 2006 ) and increased predation of highly inoculative corn leafhoppers (this study). Plantpathogenic mollicutes, such as CSS, depend strongly on their vectors for dispersal, transmission, reproduction, and survival, and vectors, such as corn leafhopper, may beneÞt from their relationship with mollicutes. For example, aster leafhoppers carrying aster yellows phytoplasma have greater fecundity (Beanland et al. 2000) , and overwintering survival of corn leafhopper increases when carrying CSS (Ebbert and Nault 1994) , and corn leafhoppers with CSS enhanced host range during the winter (Madden and Nault 1983) . Clearly, both plant-pathogenic mollicutes and their vectors beneÞt from their relationship, although in the case of corn leafhopper and CSS evolution of protection against natural enemies seems to lag behind evolution of a mutually beneÞcial relationship.
G. bartletti parasitism and predation reduce the survival rates of both CSS and corn leafhopper. G. bartletti is common in Mexico and Central America, where CSS and corn leafhopper densities are low relative to areas such as northern Argentina, where CSS and corn leafhopper are adventive and G. bartletti does not occur (G.M.-R., personal observations). For example, CSS incidence in northern Argentina maize Þelds can reach 100% (Gimé nez-Pecci et al. 2002) . Both corn leafhopper and CSS are indigenous in Mexico and Central America (Nault 1990) , and Mexico and Central America are likely the center of corn leafhopper parasitoid diversiÞcation (Moya-Raygoza and Trujillo-Arriaga 1993). Corn leafhopper and CSS are adventive in South America. The high corn leafhopper and CSS densities in northern Argentina are in line with predictions of the enemy-release hypothesis (Torchin et al. 2003) , which predicts that adventive species will be successful outside their indigenous range because their populations do not suffer the effects of coevolved natural enemies.
